High Frequency Switch-mode DC Powered Computer System 

This application claims the benefit of: application number 60/125,768, filed on March 23, 
1999, application number 60/133,252, filed on May 8, 1999, application number 60/142,102, filed 
on July 2, 1999, and application number 60/144,342, filed on July 16, 1999, the contents of each 
5 being hereby incorporated by reference. 

Background of the Invention 

This invention specifically relates to powering computer systems where switch-mode DC is 
created to power the internal components of the system. It has particular applicability in new 
designs where microprocessors have high demands and power changes. Such can relate to the area 

10 of powering low voltage, high current electronics. As mentioned, though, the invention is 
applicable in the field of computing, and much of the following description is presented in that 
context. It should be understood, however, that other embodiments are in no way limited to the 
field of computing, and are applicable to a wide variety of circumstances wherein a variety of 
power absorbing loads which absorb electrical power may abruptly change their power absorbing 

15 characteristics (that is to say, their impedance may undergo a rapid change). They are also 
applicable if such loads are separated physically such that the voltage which may be dropped across 
the dynamic impedance of the power carrying conductors is a significant fraction of the voltage 
delivered to such loads. They are also increasingly applicable to applications wherein design 
tradeoffs are forcing a steady decrease in operating voltages. Such situations may arise in 

20 telecommunications, radar systems, vehicle power systems and the like, as well as in computing 
systems. Further, the DC/AC converter itself may have applications in broader and other contexts 
as well. 

The architecture of computing systems has undergone tremendous changes in the recent past, 
25 due principally to the advance of microcomputers from the original four-bit chips running at 
hundreds of kilohertz to the most modern 32 and 64 bit microprocessors running at hundreds of 
megahertz. As the chip designers push to higher and higher speeds, problems arise which relate 
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to thermal issues. That is, as the speed of a circuit is increased, the internal logic switches must 
each discharge its surrounding capacitance that much faster. Since the energy stored in that 
capacitance is fixed (at a given voltage), as the speed is increased, that energy, which must be 
dissipated in the switches, is dumped into the switch that many more times per second. Since 
5 energy per second is defined as power, the power lost in the switches therefore increases directly 
with frequency. 

On the other hand, the energy stored in a capacitance increases as the square of the voltage, so 
a capacitor charged to two volts will store only 44% of the energy stored in that same capacitor 
10 charged to three volts. For this reason, a microcomputer designed to operate at two volts will, 
when run at the same speed, dissipate much less power than the same microprocessor operating a 
three volts. So there is a tendency to lower the operating voltage of microprocessors. 

Other considerations cause the microprocessor to exhibit a lower maximum speed if operated 
15 at a lower voltage as compared to a higher operating voltage. That is, if a circuit is operating at full 
speed, and the voltage on that circuit is simply reduced, the circuit will not operate properly, and 
the speed of the circuit (the "clock speed") may have to be reduced. To maintain full speed 
capability and still operate at lower voltage, the circuit often must be redesigned to a smaller 
physical size. Also, as the size of the circuitry is reduced, and layer thickness is also reduced, the 
20 operating voltage may need to be lowered to maintain adequate margin to avoid breakdown of 
insulating oxide layers in the devices. For the past few years, these steps have defined the course 
of microprocessor design. Key microprocessor designers, seeking the maximum speed for their 
products, have therefore expended considerable effort trading off the following considerations: 

- higher speed chips are worth more money; 
25 - higher speed chips must dissipate more heat; 

- there are limitations to removal of that heat; 

- lower voltages reduce the heat generated at a given speed; and 

- smaller devices run faster at a given voltage. 

Of course, there are many, many important trade-off considerations beyond these, but the above 
30 list gives the basic elements which relate to same aspects of the current invention. The result of 
these considerations has been for the microprocessor designers to produce designs that operate at 
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lower and lower voltages. Early designs operated at five volts; this was reduced to 3.3. to 3.0, to 
2.7, to 2.3, and at the time of writing the leading designs are operating at 2.0 volts. Further 
reductions are in store, and it is expected that future designs will be operated at 1.8, 1.5, 1.3, 1.0, 
and even below one volt, eventually perhaps as low as 0.4 volts. 

5 Meanwhile, advances in heat removal are expected to permit processors to run at higher and 
higher heat dissipation levels. Early chips dissipated perhaps a watt; current designs operate at the 
30 watt level, and future heat removal designs may be able to dissipate as much as 100 watts of 
power generated by the processor. Since the power dissipated is proportional to the square of the 
operating voltage, even as the ability to remove heat is improved, there remains a tendency to run 

10 at lower operating voltages. 

All of this is driven by the fundamental consideration: higher speed chips are worth more money. 
So the designers are driven to increase the speed by any and all means at their disposal, and this 
drives the size of the chips smaller, the voltages lower, and the power up. As the voltage drops the 
15 current increases for a given power, because power is voltage times current. If at the same time 
improvements in heat removal permit higher powers, the current increases still further. This means 
that the current is rising very rapidly. Early chips drew small fractions of an ampere of supply 
current to operate, current designs use up to 15-50 amperes, and future designs may use as much 
as 100 amperes or more. 

20 

As the speed of the processors increase, the dynamics of their power supply requirements also 
increase. A processor may be drawing very little current because it is idling, and then an event may 
occur (such as the arrival of a piece of key data from a memory element or a signal from an outside 
event) which causes the processor to suddenly start rapid computation. This can produce an abrupt 
25 change in the current drawn by the processor, which has serious electrical consequences. 

Inductance is the measure of energy storage in magnetic fields. All current-carrying conductors 
have associated with the current a magnetic field, which represents energy storage. It is well 
known by workers in the art that the energy stored in a magnetic field is half the volume integral 
30 of the square of the magnetic field. Since the field is linearly related to the current in the 
conductor, it may be shown that the energy stored by a current carrying conductor is proportional 
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to half the square of the current, and the constant of proportionality is called the "inductance" of 
the conductor. The energy stored in the system is supplied by the source of electrical current, and 
for a given power source there is a limit to the rate at which energy can be supplied, which means 
that the stored energy must be built up over time. Thus the presence of an energy storage 
5 mechanism naturally slows down a circuit, as the energy must be produced and metered into the 
magnetic field at some rate before the current can build up. 

The available voltage, the inductance, and the rate of change of current in a conductor are related 
by the following equation, well known by those skilled in the art: 

10 

V=L*(3I/dt , where L is the inductance of the conductor, and dl/dt is the rate of 
change of current in the conductor. 

This equation states that the voltage required to produce a given current change in a load on a 
15 power system increases as the time scale of that change is reduced, and also increases as the 
inductance of any connection to that load is increased. As the speed of microprocessors is 
increased, the time scale is reduced, and as the available voltage is reduced, this equation requires 
the inductance to be dropped proportionally. 

20 Normally, in powering semiconductor devices one does not need to consider the inductance of 
the connections to the device, but with modern electronics, and especially with microprocessors, 
these considerations force a great deal of attention to be brought to lowering the inductance of the 
connections. At the current state of the art, for example, microprocessors operate at about two 
volts, and can tolerate a voltage transient on their supply lines of about 7%, or 140 millivolts. 

25 These same microprocessors can require that their supply current change at a rate of at least one- 
third or even nearly one ampere per nanosecond, or 3*10 8 or 10 9 amperes/second, respectively. 
The above equation indicates that an inductance of about 140 picohenries (1.4*10~ 10 H) and l A 
nanohenry, (5*10~ 10 H) will drop a voltage of 140 millivolts at these two rates of current rise. To 
put this number in perspective, the inductance of a wire one inch in length in free space is 

30 approximately 20 nanohenries, or 20,000 picohenries. While the inductance of a connection can 
be reduced by paralleling redundant connections, to create a connection with an inductance of 140 
picohenries with conductors about a centimeter long would require some 20 parallel conductors, 

4 



and for instance a connection with an inductance of l A nanohenry would require nearly 100 parallel 
conductors. 

The foregoing discussion implies that the source of low voltage must be physically close to the 
5 microprocessor, which in turn implies that it be physically small. While it might be suggested that 
capacitors might be used to supply energy during the delay interval required for the current in the 
conductors to rise, the intrinsic inductance of the connections to the capacitors currently severely 
limits this approach. So the system designer is faced with placing the source of power very close 
to the processor to ensure that the processor's power source is adequately stable under rapid 
10 changes in current draw. This requirement will become increasingly severe as the voltages drop 
still further and the currents increase, because the former reduces the allowable transient size and 
the latter increases the potential rate of change of current. Both factors reduce the permissible 
inductance of the connection. This can force the designer to use smaller capacitors which have low 
inductance connections, and because the smaller capacitors store less energy, this drives the power 
15 system to higher frequencies, which adds costs and lowers efficiency. 

The foregoing remarks are not limited in computers to the actual central microprocessor. Other 
elements of a modern computer, such as memory management circuits, graphic display devices, 
high speed input output circuitry and other such ancillary circuitry have been increased in speed 
20 nearly as rapidly as the central processing element, and the same considerations apply. 

Many modern electronics circuitry, including computers, are powered by switchmode power 
conversion systems. Such a system converts incoming power from the utility line to the voltages 
and currents required by the electronic circuitry by operation of one or more switches. In low 

25 power business and consumer electronics, such as desktop personal computers, the incoming power 
is supplied as an alternating voltage, generally 115 volts in the United States, and 220 volts in 
much of the rest of the world. The frequency of alternation is either 50 or 60 Hertz, depending 
upon location. Such utility power must be converted to low voltage steady (direct) current, or dc, 
and regulated to a few percent in order to be useful as power for the electronic circuits. The device 

30 which performs such conversion is called a "power supply". While it is possible to create a low 
voltage regulated dc power source using simple transformers, rectifiers, and linear regulators, such 
units would be heavy, bulky and inefficient. In these applications it is desirable to reduce weight 
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and size, and this approach is unsuitable for this reason alone. In addition, the inefficiency of linear 
regulators is also unacceptable. Efficiency is defined as the ratio of output power to input power, 
and a low efficiency implies that heat is being developed in the unit which must be transferred to 
the environment to keep the unit cool. The lower the efficiency the more heat must be transferred, 
5 and this is itself a reason for finding an alternate approach. 

For these reasons, virtually all modern electronics circuitry is powered by switchmode 
conversion systems. These systems typically operate as follows. The incoming utility power is 
first converted to unregulated direct current by a rectifier. The rectified dc is then converted to a 

10 higher frequency, typically hundreds of kilohertz, by electronic switches. This higher frequency 
power is then transformed by a suitable transformer to the appropriate voltage level; this 
transformer also provides isolation from the utility power, required for safety reasons. The 
resulting isolated higher frequency power is then rectified again, and filtered into steady direct 
current for use by the electronics. Regulation of the output voltage is usually accomplished by 

15 control of the conduction period of the electronic switches. The resulting power conversion unit 
is smaller and lighter in weight than earlier approaches because the size and weight of the 
transformer and output filter are reduced proportionally to the increase in frequency over the basic 
utility power frequency. All of this is well known in the prior art. 

20 In a complex electronic system, various voltages may be required. For example, in a computer 
system the peripherals (such as disk drives) may require +12 volts, some logic circuits may require 
+5 volts, input/output circuits may additionally require -12 volts, memory interface and general 
logic may require 3.3 volts, and the central microprocessor may require 2 volts. Standards have 
developed so that the central power source (the device that is connected directly to the utility 

25 power) delivers ±12 and +5 volts, and the lower voltages are derived from the +5 supply line by 
additional circuitry, called voltage regulation modules, or VRMs, near to the circuits that require 
the lower voltage. These additional circuits convert the +5 volt supply to high frequency ac power 
again, modifying the voltage through control of the period of the ac power, and again re-rectifying 
to the lower voltage dc. 

30 The resulting overall system is complex and not very efficient, in spite of the use of switchmode 
technology. In a typical 200 watt computer system, four watts are lost in the initial rectification of 
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the utility line, eight watts in the electronic switches, 2.5 watts in the transformer, 20 watts in the 
output rectification and filtering, and four watts in the connections between the center power supply 
and the electronics boards. Thus 38.5 watts are lost in the conversion process for the higher voltage 
electronic loads. Substantial additional losses may be sustained in the low voltage conversion 

5 process. A typical 50 watt voltage regulation module, which may convert +5 volts at 10 amperes 
to +2 volts at 25 amperes for the microprocessor, will itself have losses of about one watt each in 
the ac conversion and transformer, and ten watts in the final rectification and filtering. Other 
voltage regulation modules will have losses almost as great, resulting in losses for the entire system 
which may be one-third of the power used. Some particularly inefficient approaches may 

10 demonstrate efficiencies as low as 50%, requiring that the input power circuits utilize twice the 
power required by the actual final circuitry, and requiring that twice the heat be dissipated in the 
electronics (which must be removed by a fan) as is theoretically required by the actual operating 
circuitry. 

15 This system evolved over the years and is not optimum for many current uses, but persists 
because of inertia of the industry and because of the perceived benefit of maintaining industry 
standards on voltages and currents as generated by the central power unit. 

An analysis of current trends in the microprocessor industry clearly indicates that the current 
system will not be adequate for the future. These trends show that the current draw of critical 

20 elements such as the core microprocessor has been steadily increasing and will continue to do so 
into the future. Meanwhile, the operating voltage has been steadily decreasing, dropping with it 
the allowable tolerance of the supply voltage in absolute terms. Finally, the rate of change of 
processor current - the current slew rate - is increasing very rapidly, with substantial additional 
increases forecast for the near future. All of these factors mitigate against the current technology 

25 and require a new approach to be adopted in the future. It has been reliably estimated that the 
current powering and other technology will not last more than one additional generation of 
microprocessors, and since designers are currently at work on the generation following the next, 
it can be said that these designers are in the process of developing a microprocessor which cannot 
be powered by currently available technology. 

30 A further problem in the prior art is the use of square wave electronic conversion 
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techniques. Such technology, known as PWM, for Pulse Width Modulation, produces switch 
voltage waveforms which have steeply rising edges. These edges produce high frequency power 
components which can be conducted or radiated to adjacent circuitry, interfering with their proper 
operation. These high frequency power components may also be conducted or radiated to other 

5 electronic equipment such as radio or television receivers, also interfering with their proper 
operation. The presence of such components requires careful design of the packaging of the power 
system to shield other circuitry from the high frequency power components, and the installation 
of expensive and complex filters to prevent conduction of these components out of the power 
supply package on its input and output leads. What is needed then, is a power conversion system 

10 which enables small, highly efficient voltage regulation modules to be placed close to the point of 
power use, which is fast overall, and which is itself efficient and at least as low in cost as the prior 
art technology it replaces. 

As mentioned earlier, the invention can be applied for use in powering a wide variety of 
circuitry that requires low voltage and high current. In addition it provides capability to provide 
15 rapidly changing current. In particular it applies to microprocessors and similar circuitry especially 
where they are requiring less than 2 volts and are projected to require less than one volt. 
Summary of the Invention 

It is an object of the present invention, therefore, to provide a means for storing energy 
with lower inductance connections than could be achieved with the prior art. It is a further object 
20 of the present invention to provide a source of energy at low voltage and high current which does 
not need to be placed in very close proximity to the electronic load. Similarly, it is yet an another 
object of the invention to provide a source of low voltage which can sustain the voltage across the 
powered load even in the presence of high rates of change of current draw 

It is also an object of the present invention, to provide a means of converting utility power 
25 to high frequency alternating power for efficient distribution at higher efficiency than can be 
achieved using existing techniques. It is also an object to provide a means of converting high 
frequency ac power to the low dc voltages and high dc currents required by current and future 
electronics at higher efficiency than can be achieved using current techniques. It is another object 
of the present invention to maintain that efficiency over a wide range of load conditions. 
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A further object of the present invention is to provide a source of high frequency power which 
is substantially smaller than that of the prior art. Similarly it is an object to provide a source of low 
voltage at high current which is substantially smaller than that of the prior art to permit such a 
5 source to be placed in very close proximity to the electronic load. 

It is also an object of the preset invention to provide closer control of the output voltage of a 
power source, even for extremely short time periods. That is to say, it is an object to ease the task 
of the powering or of providing a power source so that it does not need such wide bandwidth and 
10 has a small transient response to changes in load. Thus an object is to provide a system with better 
transient response to changes in load. 

It is a further object of the invention to provide a power conversion system which stores less 
energy than that required by the prior art. 

15 It is additionally an object of the present invention to provide a power conversion system which 
can be produced at lower cost than the prior art. 

It is also an object to address problems associated with the use of square wave electronic 
conversion techniques. It is yet another object of the invention to reduce possible interference 
20 between the power system and the electronics being powered, as well as with other devices in the 
vicinity of the powered electronics, by reducing the rate of rise of currents and the rate of fall of 
voltages in the power system. Similarly, an object is to provide power using smoothly varying 
waveforms in the power conversion circuitry. 

It yet a further object of one embodiment of the present invention provide to power with the 
25 aforesaid objects being satisfied, yet operate at either a constant frequency or, through other 
embodiments, to accommodate variable frequencies as well. 

Another fundamental aspect of the invention is the potential for the affirmative use of the 
transformer leakage inductance. This can be necessary as the DC output voltage requirement is 
lowered. 
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Another benefit of this invention involves the very nature of a power source. By incorporating 
some or all these elements it can be possible to provide power remotely. By making the output 
capacitance consist of only the bypass capacitors necessary on the microprocessor pins, the circuit 
feeding the microprocessor assembly can have essentially an inductive output. 

5 Several features will be disclosed which taken together or separately can allow the power 
conversion frequency to be increased to provide a low stored energy approach to meet the high 
di/dt requirements for next generation low voltage requirements. Thus, yet other objects include 
providing a circuit and method for providing power to electronics with low voltage, high current 
and high di/dt requirements, providing substantially higher power conversion frequencies, 

10 providing a circuit which allows a reasonable amount of transformer leakage inductance and 
switching device capacitances, providing a circuit or method whereby the synchronous rectifiers 
(SR's) always switch with zero voltage across the device, allowing high frequency operation, 
providing a circuit or method whereby the control signal to the SR operates in a non-dissipative 
fashion, allowing HF operation, and providing a reduced size of the output capacitance through HF 

15 operation 

Accordingly, in one embodiment the present invention is directed to a system of energy storage 
which can store more energy and be placed physically farther from the powered electronics, 
through the reduction of magnetic fields surrounding the electrical connections and the magnetic 
20 energy stored therein, thereby creating a faster responding storage and powering medium. The 
reduction of the magnetic fields and the resulting reduction of inductance permits electronics to 
operate at higher speed, and the increased energy storage permits the powering system to operate 
at lower speed. This reduction in powering system frequency may permit lower costs that could 
be obtained using high frequency power systems 

25 Similarly, the present invention in another embodiment is directed to a system of power 
conversion which eliminates many of the elements of the prior art, by distributing high frequency 
ac power to a point near the loads, and performing a single conversion from ac to dc at the point 
of power consumption. In particular, the present invention addresses this latter ac to dc 
conversion and solution of the problems related to conversion of higher voltage ac power to very 

30 low dc voltages with good regulation and transient response. 
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The elimination of many of the redundant elements in the prior art approach not only increases 
efficiency by eliminating a power loss element, but also reduces cost by elimination of the cost of 
the elements removed from the system. The reduction of frequency also increases the efficiency 
of the powering system, because at higher frequencies switching losses become increasingly 
5 important and may equal or exceed all other losses. The present invention accomplishes many of 
these objects by providing a low inductance connection for energy storage elements which is not 
limited in length through the mechanism of reducing the volume of the magnetic field surrounding 
the conductors intermediate to the energy storage element and the powered electronics. 

In yet another embodiment, the present invention distributes high frequency smoothly varying 
10 or even sinusoidal waveforms, which exhibit relatively low rates of voltage change for a given 
frequency, and much lower than alternative ac approaches, such as distribution of square wave or 
trapezoidal waveforms. The distribution of sinusoidal ac voltage, rather than dc voltages as is 
usually done in the prior art, not only simplifies the central power unit, but also greatly simplifies 
the voltage regulation modules, reducing cost and raising efficiency. This approach also results 
15 in greatly reduced interference between the power unit and adjacent circuitry, and simplifies the 
design and reduces the cost of the line filters used to avoid conducted interference along the utility 
power lines. Also, distribution of low dc voltages (e.g., 5 volts) results in relatively higher losses 
in the distribution wires and connectors when compared to the use of medium voltage alternating 
distribution levels (e.g., 30 volts rms), which nevertheless remain safe to touch. 

20 Brief Descriptions of the Drawings 

Figure 1-1 shows a conventional computer power delivery system of the prior art. 

Figure 1-2 is a more detailed depiction of a computer power delivery system of the prior art. 

25 Figure 1-3 indicates the parts of the computer power delivery system of the prior art that may 
be eliminated by the present invention. 



Figure 1-4 shows a computer power delivery system according to one embodiment of the 
present invention. 
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Figure 1-5 indicates an embodiment of the power conversion element of the present invention. 

Figure 1-6 depicts another embodiment of the power conversion element of the present 
5 invention. 

Figure 1-7 shows details of a switch drive according to the present invention. 
Figure 1-8 shows a rectifier circuit of the present invention. 

Figure 1-9 shows a variation of output voltage with changes in the value of a capacitance in one 
embodiment. 

10 Figures 1-10 and 1-11 show two variations of the voltage across a load resistance as a function 
of the load resistance. 

Figure 1-12 shows another embodiment with a two switch configuration and various general 
elements. 

Figures 1-13 and 1-14 are plots of voltage waveforms at various locations for two different 
15 loads, high and low respectively. 

Figure 2-1 shows a computer power delivery system. 

Figure 2-2 shows the magnetic field around a conductor in free space. 

20 Figures 2-3 a & b show the magnetic field of a confined conductor. 

Figure 2-4 shows the magnetic field configuration around a doubly confined conductor. 

Figure 2-5 shows one embodiment of the present invention. 

25 
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Figure 2-6 shows an alternate embodiment of the present invention. 
Figure 3-1 shows a traditional buck converter of the prior art. 

Figure 3-2 shows a waveform of the center point of the buck converter shown in Figure 3-1. 

Figure 3-3 shows an embodiment of a transformer and rectifier portion according to the present 
5 invention. 

Figure 3-4 shows the voltage waveforms as they may exist at various locations in the circuit 
shown in Figure 3-3. 

Figure 3-5 shows one gate drive embodiment for the SR's according to the present invention. 

Figure 3-6 shows a circuit for voltage control on the primary side with a single switching design. 

10 Figure 3-7 shows a family of drain to source voltages as a function of the control input voltage 
across the FET. 

Figure 3-8 shows a circuit for voltage control on the primary side with a dual switching design. 

Figures 3-9 a, b, c & d shows various synchronous rectification circuits according to the 
invention. 

15 Figure 3-10 shows a bulk capacitor and a by pass capacitor arrangement as applied to a 
microprocessor system in the prior art. 

Figure 3-11 shows an overall preferred embodiment of the invention using a single switch 
control element. 

Figure 3-12 shows an overall preferred embodiment of the invention using a dual switch control 
20 element. 
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Figure 3-13 shows an overall preferred embodiment of important aspects of the "silver box" 
aspect of the design. 

Detailed Description of the Preferred Embodiments 

As can be easily understood, the basic concepts of the present invention may be embodied in a 
5 variety of ways. These concepts involve both processes or methods as well as devices to or which 
accomplish such. In addition, while some specific circuitry is disclosed, it should be understood 
that these not only accomplish certain methods but also can be varied in a number of ways. 
Importantly, as to all of the foregoing, all of these facets should be understood to be encompassed 
by this disclosure. 

10 In the prior art, the central power supply provides several standard voltages for use by the 
electronics. Referring to Figure 1-1, utility power 101, typically at 1 10 or 220 volt nominal ac 
power alternating at 50 or 60 cycles, is converted by power supply 106 to standard dc voltages, 
usually ±12 and +5 volts. These voltages are brought out of the power supply on flying leads, 
which form a kind of distribution system 107, terminated in one or more connectors 108. These 

15 standard voltages are useful directly for powering most of the input/output circuitry 140 and 
peripherals 144, such as a hard disc, floppy disc, and compact disc drives. As the technology of 
central processing unit (CPU) chip 141 has advanced, as discussed above, the operating voltage 
of such chips has steadily been reduced in the quest for higher and higher operating speeds. This 
increase in processor speed eventually required an increase in speed of the dynamic random access 

20 memory (DRAM) chips 143 used to hold instructions and data for the CPU, and as a result the 
operating voltage of these DRAM chips has also been reduced. Also, not all of the logic required 
to manage the input/output functions and particularly the flow of data to and from the CPU and the 
memory and external devices is present on the CPU chip. These management functions, along with 
housekeeping functions (such as clock generation), interrupt request handling, etc., can be dealt 

25 with by the "chip set", shown in Figure 1-1 as logic management circuits 145. These circuits also 
have steadily increased in speed and have correspondingly required lower operating voltages. 



. The standard voltages are thus too high to properly power CPU 141, memory 143, and 
management circuits 145. These may all require different voltages, as shown in Figure 1-1, where 
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the actual voltages shown are representative only. These different voltages may each be created 
by an individual Voltage Regulation Module 112 (VRM), which reduce the voltage supplied by 
the power supply 106 to the voltage required by the powered circuitry. 

From an overall point of view, the prior art process of delivering power to a circuit load such as 

5 CPU 141 involves all of the power processing internal to power supply 106, distribution system 
107 and connectors 108, and the power processing internal to VRM unit 112. This overall process 
is shown in Figure 1-2. Central power supply 106, also called the "silver box", uses switchmode 
technology, with processing elements 102, 103, 104, and 105. Utility power 101 enters the silver 
box and is converted to unregulated dc power by rectifier unit, or AC/DC converter 102. The 

10 resulting dc power is then re-converted to alternating current power at a higher frequency by 
inverter unit 103 (also called a DC/ AC converter). The higher frequency ac is galvanically 
connected to and is at the voltage level of utility power 101. Safety considerations require isolation 
from utility power 101, and as the required output voltage is much lower than that of utility power 
101, voltage reduction is also needed. Both of these functions are accomplished by transformer 

15 104. The resulting isolated, low voltage ac is then rectified to direct or multiply direct current 
power output(s) by rectifier and filter unit 105, distributed to the circuitry loads by distribution 
wiring 107 and connectors 108. As mentioned before, specific standard voltages ±12 and +5 volts 
must be converted to lower voltages for CPU 141, memory 143 and management logic 145, by 
VRM unit 112. The standard dc voltage from power supply unit 106 (usually +5 volts) is 

20 converted to alternating power again by DC/ AC converter 109, transformed to the lower voltage 
by transformer 110, and re-rectified to the proper low voltage by AC/DC unit 111. 

As the voltage of the delivered power to the circuit load is decreased, the current increases, and 
as the speed of CPU 141 is increased, the power system must be able to handle larger and larger 
rates of change of current as well. As discussed above, this requires the source of power, which 

25 for CPU unit 141 (and other low voltage circuits) is VRM 112, to be close to the circuit load. 
While for the near term designs the rate of change of current can be handled by capacitive energy 
storage, for future designs at still lower voltages and higher currents VRM unit 112 must be made 
extraordinarily small so that it can be placed close to its circuit load, and also must operate at a very 
high frequency so that large amounts of energy storage are not required. The requirement for low 

30 energy storage is rooted in the two facts that there is no physical room for the larger storage 
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elements and no tolerance for their higher intrinsic inductance. Thus a requirement emerges that 
the frequency of VRM 112 must be increased. 

Further, a glance at Figure 1-2 indicates at least two redundant elements which can be 
eliminated. The established policy of distributing direct current power requires rectifier and filter 
5 105, and the need for dropping the voltage to lower levels requires re-conversion of the dc to 
alternating current power by inverter 109. One of these is clearly redundant. 

This opens the possibility of reduction of cost by eliminating elements 105 and 109, and 
choosing to distribute alternating current power instead of direct current power. Of course, the AC 
10 improvement may also be configured with existing, traditional DC leads as well in a hybrid system 
if desired. Returning to the improvement, however, as mentioned before, the frequency of inverter 
109 has had to increase and will continue to increase, which requires, in the reduced system, that 
the frequency of inverter 103 be increased to a level adequate to serve the future needs of the 
system. Figure 1-3 indicates these redundant elements. 

15 

Another redundancy exists in principle, between transformers 104 and 110, but the desire to 
provide isolated power in the distribution system 107 mandates the use of transformer 104, and the 
requirement for different voltages for the different loads may also require the various VRMs to 
utilize transformer 110. Assuming that these elements are left in place, then, the use of high 
20 frequency ac distribution produces a system as shown in Figure 1-4. Thus one embodiment is 
directed specifically to the simplified VRM. Such an arrangement also permits electrically remote 
location of power element (e.g. at locations where the lead inductance would have otherwise have 
come into play using the prior techniques). 

In Figure 1-4, central power supply 147 converts utility power 101 to dc power by AC/DC 
25 converter 146. This dc power is then converted to high frequency sinusoidal power by DC/ AC 
converter 113. The sinusoidal power (or perhaps "substantially" or "approximately" sinusoidal 
power, as may be produced by even a less than ideal inverter or the like) is distributed to the 
location of use of the power, where high frequency VRMs 118 convert the sinusoidal power to low 
voltage, high current power for the circuit loads such as CPU 141, input/output circuits 140, logic 
30 management circuits 145, and memory 143. In this approach, a VRM is required not only for the 
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aforementioned low voltage circuits, but also for peripherals 144, since the DC power (likely +12 
volt) requirement for these units is not supplied by the central power supply 106. (Note, the central 
power supply 106 may supply only sinusoidal high frequency AC power in this approach). High 
Frequency Transformer 114 may thus provide galvanic isolation and may transform the voltage 
5 from constant voltage Sinusoidal DC/ AC Converter 113 to a level considered safe to touch. 

It is possible to organize a distribution system which provides a constant current to the totality 
of the loads, or alternatively to provide a constant voltage to those loads. The architecture of 
computer systems and other complex electronic systems with loads which require multiple voltages 

10 is more suited to the latter approach. That is, it is desirable that the magnitude of the distributed 
ac voltage be maintained very close to constant against any output load variation, even on a 
microsecond time scale. Thus, it can accommodate a variable load, namely a load which alters at 
levels which would have caused variation in the power supplied in arrangements of the prior art. 
It may also be important to keep the Total Harmonic Distortion (THD) of the distributed ac voltage 

15 low, to reduce Electro-Magnetic Interference (EMI). It should be noted, however, that the present 
invention may be modified to provide a constant current as well. That is, as those of ordinary skill 
in the art would readily understand, it is possible to modify the described circuit so that a constant 
current is delivered into a load which varies from nominal to a short circuit, for use in constant 
current applications. 

20 Converter 1 13 may be designed to provide a constant output voltage with low THD, independent 
of load. Some of the embodiments presented herein depend upon being supplied with a constant 
input dc voltage from converter 146. It would of course also be possible to create this constant 
distribution voltage by feedback internal to converter 113, as an alternative, which then would not 
require a constant input voltage from converter 146. The latter approach - creating constant voltage 

25 through feedback - requires that the feedback system have very high bandwidth (high speed) in 
order to maintain the output voltage very close to constant against any output load variation, even 
on a nanosecond time scale. This feedback approach may be difficult and expensive to achieve, 
and the present invention is directed to accomplishing a constant voltage from converter 113 by 
the intrinsic operation of the circuit, without feedback. This can be significant because it can 

30 satisfy the needs of a system which has rapid energy demands such as a rapid current demand of 
at least about 0.2 amperes per nanosecond, at least about 0.5 amperes per nanosecond, at least 
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about 1 ampere per nanosecond, at least about 3 amperes per nanosecond, at least about 10 amperes 
per nanosecond, and even at least about 30 amperes per nanosecond and beyond. It also can be 
significant because it can permit reaction to a change in conditions very quickly, such as within: 

- less than about a period of a "Nyquist frequency" (e.g. the Nyquist rate, that is the maximum 
5 theoretical rate at which sampling or transmission of an event can occur for a feedback-type of 

system), 

- less than about two and a half times a period of a Nyquist frequency, 

- less than about five times a period of a Nyquist frequency, 

- less than about ten times a period of a Nyquist frequency, 

10 - less than about twice a period of said alternating power output, 

- less than about four times a period of said alternating power output, 

- less than about 200 nanoseconds, 

- less than about 500 nanoseconds, 

- less than about 1000 nanoseconds, and 
15 - less than about 2000 nanoseconds. 

Figure 1-5 shows one embodiment of a constant voltage high frequency power source to 
accomplish the function of converter 113. Here dc power source 119 is the circuit representation 
of the constant voltage from converter 146, and load 128 represents the constellation of loads 
connected to distribution system 115 (including the effects of connectors 18 and distribution 

20 system 115). The voltage from source 119 is converted to a constant current by inductor 120 and 
either shunted by switch 122 when the switch is ON, or permitted to flow into network 148, 
comprising the elements in parallel with switch 122 when the switch is OFF. The network thus 
acts as a response network, that is, one which acts after the switch has transitioned. The voltage 
across switch 122 is approximately zero when switch 122 is ON and is dependent upon the 

25 response of network 148 when switch 122 is OFF. This response waveform, or "switch voltage 
waveform" is transformed by network 48 to form the voltage across load 128. It turns out to be 
possible to choose the values of elements 123, 124, 125, 126, and 127 such that the switch voltage 
is zero at the commencement of the interval of time when switch 122 is ON, independent of the 
value of the conductance of load 128, at least within a nominal range of conductance for load 128. 

30 This may be accomplished in the following way. If the conductance of load 128 is very small 
(light loading), little current will flow in inductance 127, and its value will not strongly affect the 
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waveform across switch 122. Then the values of elements 123, 124, 125, and 126 may be chosen 
to cause the waveform across switch 122 to be approximately zero, or to be a desired fixed value, 
at the moment when switch 122 begins to conduct. Clear descriptions for the methodology for 
accomplishing this may be found in U.S. patents 3,919,656 and 5,187,580. Once this has been 

5 accomplished, the conductance of load 128 may be changed to the maximum nominal value, and 
the value of inductor 127 chosen to return the value of voltage across switch 122 at the 
commencement of its ON period to the value chosen in the first step. This algorithm will result 
in a circuit for which the value of the switch voltage waveform at the commencement of the ON 
period of switch 122 is nearly independent of the value of the conductance of load 128, within the 

10 defined nominal range. It also results in a circuit for which the shape of the switch voltage 
waveform varies minimally over the range of the conductance of load 128. A significant function 
of the network formed by elements 123, 124, 125, 126, and 127 is to form a sinusoidal waveform 
across load 128. Since this is a linear passive network, namely, a network with no active elements 
(including but not limited to steering diodes, diodes generally, other active elements, or the like) 

15 or a network without some type of feedback element (an element which senses a condition and then 
responds to that condition as a result of a delayed decision-type of result), if the shape of the switch 
voltage waveform does not change in any substantial way, and especially if the fundamental 
frequency component of the switch voltage waveform (the Fourier component of the waveform at 
the operating frequency) does not change substantially, for this circuit the value of the sinusoidal 

20 voltage across load 128 will not change substantially. Thus selection of the values of elements 123, 
124, 125, 126, and 127 in this manner results in a stable, constant, high frequency, pure sinusoidal 
voltage across load 128, independent of the value of the conductance of load 128, thereby 
accomplishing the objective of providing a constant voltage to the distribution system. It should 
be noted that the operation of this network to produce a constant output voltage is very fast; abrupt 

25 changes in the conductance of load 128 anywhere over its entire nominal range may be corrected 
in a few cycles of operation. This is much faster than typical feedback approaches could make the 
same correction and serves to provide a fast acting network, namely one which does not suffer the 
existing delay in a feedback type of system. 

A unique element of the invention is its high efficiency over the entire load range from a 
30 nominal load to an open circuit or from a nominal load to a short circuit. (As one skilled in the art 
should understand, one way to achieve one as opposed to the other simply involves altering the AC 
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distribution system by one-quarter wavelength.) This comes about largely as a result of the 
constant switch waveform described above. Since the voltage waveform changes but little over 
the load range, switching losses in the circuit are not affected by load variations. It should also be 
noted that all of the benefits of this invention are obtained without changing the frequency of 
5 operation. Thus, high efficiencies such as at least about 80%, at least about 85%, at least about 
90%, at least about 95%, at least about 98% and even at least about 99% efficiency and beyond can 
be attained. 

Such a circuit, which provides a constant voltage sinusoidal output across a load (or even in not 
10 strictly "across" the load, more generically "to which the load is responsive" thus encompassing 
bit direct and indirect responsiveness) which can vary at high speed, utilizing a single or multiple 
switch and a simple circuit, operating at constant frequency, while maintaining high efficiency over 
the entire load range, is a unique aspect of this invention in the field of power conversion. 

15 Another unique element of the invention is in the nature of the method of driving switch 122. 
As has been pointed out previously, efficiency is important in these applications, and it is desirable 
not to waste energy anywhere, including the circuit used to drive switch 122. It is in the nature of 
high frequency switches such as Field Effect Transistors (FETs) that they have a large input 
capacitance. Circuits which change the voltage on the gate terminal in a square-wave manner must 

20 first charge that capacitance to a voltage well above the gate threshold voltage for switch 122, 
turning ON the FET, and in the process deposit energy into that capacitance. It must then 
discharge that capacitance to a voltage well below the gate threshold voltage for switch 122, in the 
process absorbing the energy stored in the gate capacitance. The power lost in the process is the 
energy stored in the gate capacitance, multiplied by the frequency of operation, and this can be a 

25 substantial number. In the present invention this loss is avoided by affirmatively utilizing the gate 
capacitance of switch 122, 

thus coordinating the circuitry to the gate or capacitance. That is, the energy stored in the gate 
capacitance during the period switch 122 is ON is, in the present invention, stored in another 
element of the system during the period switch 122 is OFF, and is thereby available on the next 
30 cycle to return the gate above the threshold voltage for the next ON period. This may be 
accomplished by "resonating" the gate capacitance (or the effective capacitance of the system) with 
a series or parallel inductor. The entire system may be tuned to coordinate with the frequency of 
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the output and the output capacitance of the switch. Referring to Figure 1-7, FET switch 122 is 
depicted as an internal switch device 139 with an explicit gate capacitance 138, shown separately. 
Gate drive circuit 121, according to the current invention, contains inductor 136 connected in series 
(or in parallel as shown in the dotted-line alternate connection 137) which is selected such that the 
5 reactance of inductor 136 or 137 is equal to the reactance of capacitor 138 at the frequency of 
operation. In this way the energy in the gate system is transferred from gate capacitor 138 to 
inductor 136 (or its alternate 137) and back again each cycle, and only the inevitable losses in the 
inductor and gate resistance need to be regenerated for each cycle. 

10 In such a system the gate voltage is substantially sinusoidal. It will be obvious to those skilled 
in the art that the duty cycle of the system (that is, the fraction of the total period that switch 122 
is ON) is determined by the fraction of the sinusoidal cycle which is substantially above the 
threshold voltage of switch 122. It will also be obvious that, while the duty cycle of switch 122 
may be controlled by the magnitude of the sinusoidal signal, such an approach places limits on the 

15 available range of duty cycle, and also may result in longer than desirable commutation times (that 
is, the fraction of the total period during which the switch is transitioning from the ON to the OFF 
state), which may increase the losses of switch 122 and thereby reduce the efficiency of the system. 
For this reason, the drive waveform for switch 122 may be divided in the present invention into an 
ac portion 149 and a dc portion 150, and variation in the duty cycle of switch 122 may be 

20 controlled by varying the relative magnitude of the ac and dc components of the drive waveform 
for switch 122. 

An alternative approach to constant voltage, high frequency power generation is shown in Figure 
1-6. Here again, dc power source 119 is the circuit representation of the constant voltage from 

25 converter 146, and load 128 represents the constellation of loads connected to distribution system 
115 (including the effects of connectors 108 and distribution system 115). Switch 122 is placed 
in series with inductor 129, across source 119. The voltage across inductor 129 is transformed by 
transformer 131 and placed across the network comprised of elements 132, 133, 134, and 135. 
This network produces the output voltage appearing across load 128, which again represents the 

30 constellation of loads connected to distribution system 115 (including the effects of connectors 108 
and distribution system 115). Provided the values of the circuit elements are properly chosen, this 
output voltage will be independent of the value of the conductance of load 128, within a nominal 
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range of such conductance. To create this independence, it is sufficient to select the values of the 
elements such that, as one example: 

the reactance of inductor 129 in parallel with the magnetizing inductance of transformer 
131 is equal to the reactance of capacitor 130 in parallel with the adjunct output 
5 capacitance of switch 122 at the frequency of operation; 

the reactance of inductor 132 in series with the leakage inductance of transformer 131 is 

equal to the reactance of capacitor 133 at the frequency of operation; and 
the reactance of inductor 134 is equal to the reactance of capacitor 35 at the frequency of 
operation. 

10 Selection of the values of the circuit elements in this manner will result in a stable, constant, high 
frequency, pure sinusoidal voltage across load 128, independent of the value of the conductance 
of load 128, thereby accomplishing the objective of providing a constant voltage to the distribution 
system. 

The necessity for the parallel resonant circuit formed by inductor 134 and capacitor 135 is 
15 reduced if the minimum load conductance is not too close to zero. That is, the network comprised 
of elements 134 and 135 has the function of providing a minimum load to the generator so that the 
output waveform remains sinusoidal when load 128 is removed or reduced to a very low value. 
Should the application to which the invention is applied not present a load variation down to low 
values, or if the requirement for low THD not be present at light loads, the network comprised of 
20 elements 134 and 135 may be dispensed with. Alternatively, the network comprised of elements 
134 and 135 may be reduced to a single element, which may be either an inductor or a capacitor, 
if the highest efficiency is not demanded. 

It is generally possible to also dispense with inductor 129 by affirmatively utilizing the 
25 magnetization inductance of transformer 131. Similarly, it is generally possible to dispense with 
inductor 132 by affirmatively utilizing the leakage inductance of transformer 131. This may be 
accomplished through the modification of the construction of transformer 131 in the manner well 
known to those skilled in the art. 

30 As before, to attain high efficiency it is important to affirmatively utilize the gate capacitance 
of switch 122, and all the remarks made above in reference to Figure 1-7 apply to the embodiment 
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of Figure 1-6 as well. 



As mentioned earlier, and referring to Figure 1-4, converter 113, operating together with 
AC/DC element 146, is designed to provide a constant high frequency ac output voltage with low 
THD, independent of load. It is VRM 118 which must convert this high frequency ac power from 

5 power unit 147 to low voltage high current DC power for use by the powered circuitry 145, 141, 
and 143. Figure 1-8 shows one embodiment of the rectifier portion of one embodiment of a VRM 
to accomplish this conversion in accordance with the present invention. Input AC power from 
power unit 147 may also be processed further to enhance its stability before the rectification 
process, and this further processing is not shown in Figure 1-4. The result of this processing is a 

10 stable regulated ac input 177 to the rectifier circuit 178 shown in the dotted box in Figure 1-8. 

Rectifier circuit 178 is comprised of transformer 179, which in practice will exhibit leakage 
inductance caused by imperfect coupling between its primary and secondary windings. This 
leakage inductance may be represented in general as an inductance in series with the primary or 
secondary of the transformer. In Figure 1-8, it is represented by inductor 180, which therefore may 

15 not be an actual component in the circuit, but rather simply a circuit representation of part of the 
real transformer 179, as built. It should be noted that, should the natural leakage inductance of 
transformer 179 be smaller than desirable for any reason, additional inductance may be added in 
series with its secondary (or primary) to increase the natural value, as will be understood by those 
skilled in the art. For the purposes of this disclosure, inductor 180 may be considered to be the 

20 total of the natural leakage inductance of transformer 179 and any additional discrete inductance 
which may have been added for any purpose. 

Diodes 83 rectify the ac output of transformer 179, and filter inductors 184 and filter capacitor 
185 create a steady dc output for consumption by the microprocessor or other electronic load 186. 
For small output voltages, the voltage drop across the diodes 183 is too large relative to the output 
25 voltage, resulting in loss of efficiency. As a result diodes 183 may be profitably replaced by field 
effect transistor (FET) switches, which can be manufactured to have a much lower voltage drop. 
In this case the FET devices require a drive signal to determine their conduction period; the 
circuitry to do this is not shown in Figure 1-8. 
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A second problem which arises as the output voltage is dropped is the intrinsic leakage 
inductance of transformer 179. This inductance, which, together with other circuit inductance, is 
represented as inductor 180, and acts as a series impedance which increases the output impedance 
of the overall circuit. That is, there is a natural voltage division between the reactance of inductor 
5 180 and load impedance 136, which requires an increased input voltage in compensation, if the 
output voltage is to remain constant over changes in the resistance of load 186. This voltage 
division causes the output voltage to be a strong function of the resistance of load 186, which is 
another way of saying that the output impedance of the circuit is not small compared to the load 
resistance 186. 

10 The diodes 183 shown in Figure 1-8 would ideally conduct whenever the voltage on their anodes 
was positive with respect to their cathodes, and would not conduct when the voltage was in the 
opposite polarity. This is what is called zero voltage switching, or ZVS, because the switching 
point, or transition, from the conducting to the nonconducting state occurs at zero voltage point in 
the waveform. Operating an FET device at ZVS is an advantage, because the losses are lowered, 

15 since the device does not have to discharge energy from its output capacitance, or the energy stored 
in capacitors 182, which are in parallel with the switches. As the output current through load 186 
increases, the timing for the switches to produce ZVS must change, and may complicate the FET 
drive circuitry. In the description of the figures which follow, we shall nevertheless assume that 
the switches are operated at ZVS conditions, or that a true diode is used. 

20 Figure 1-9 shows how the output voltage varies with changes in the value of capacitance 182 
placed across diodes 183. These curves were plotted for an operating frequency of 3.39 MHz, As 
may be seen in Figure 1-9, as the value of capacitances 182 are increased, the output voltage (that 
is, the voltage across load resistance 186) first begins to increase, but as the value of the 
capacitance 182 is increased still further, the voltage across load resistance 186 begins to drop 

25 again. Thus there is an optimum value for the capacitances 182 which obtains the highest voltage 
transfer function. In Figure 1-9 two curves are shown, curve 187 a value of inductance 180 of 40 
nH, and curve 188 for a value of inductance 180 of 20 nH. Curve 187 shows that a peak in output 
voltage occurs at a value for capacitances 182 of about 27 nF, while curve 188 shows that a peak 
occurs at a value for capacitances 182 of about 86 nF. Note that these are not a factor of two apart 

30 (86/27>3) as would be the case if the values of capacitances 182 and inductor 180 satisfied the 
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resonance condition since the two curves are for values of inductor 180 which are a factor of two 
apart. This means that the condition for maximum output is not the same as for resonance at the 
frequency of the input power from generator 177. The two capacitors 180 may be replaced by a 
single capacitor 181 in a parallel position across the secondary winding of transformer 179 and 
5 inductor 180, with the same result, although the current in the diodes 183 will not be the same in 
this case. 

Figures 1-10 and 1-11 show the voltage across load resistance 186 as a function of the load 
resistance 186. The slope of these curves is a measure of the output impedance of the circuit 178. 
That is, if the slope is zero, the output impedance is zero, and the circuit exhibits "natural 

10 regulation 11 without feedback. Curve 189 in Figure 1-10 and curve 192 in Figure 1-1 1 show that, 
for a value for capacitances 182 equal to the value which results in a peak in voltage across load 
resistance 186, a slope of nearly zero is obtained, without feedback. That is, for a proper selection 
of the value of capacitances 182 in relation to inductance 180, the voltage across load resistor 186 
becomes relatively independent of the actual value of the load resistor 186 - the output is "naturally 

15 regulated". It will be seen that the advantage of "natural regulation" - regulation without feedback 
- is that one does not need to wait for a feedback system to recognize a change in output voltage 
compared to a reference, and to change some parameter internal to the circuit. Under the described 
conditions, the output voltage is held constant and maintained so within a cycle or two of the 
operating frequency, which is short compared to stable feedback systems. 

20 Thus a system has been described which produces a stable output voltage over a wide range of 
load resistances without feedback, even under conditions of rapid change in the load resistance. 
For systems which can tolerate the change in output shown in the figures, no feedback is required. 
For systems which require tighter control of the output voltage under conditions of changing load, 
feedback may be added, and it will be noted that the teachings of the present invention reduce the 

25 requirement for action on the part of the feedback system, permitting simpler, faster, and less costly 
feedback circuits to be used. 

As mentioned earlier, the circuit can be embodied in a variety of manners to achieve the overall 
goals of this invention. For example, referring to Figure 1-12 as but one other example of a circuit 
design, in general, the circuit can be understood. It may have any combination of a variety more 
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generically stated elements. First, it may have a constant output element, such as the constant 
output voltage element 161. In this arrangement, the constant output element serves to maintain 
some output parameter as a constant regardless of a variation such as may occur from the variable 
load. As one skilled in the art would readily understand, the parameter maintained may be selected 
5 from a great variety of parameters, including but not limited to parameters such as: 

a substantially constant switch voltage output which is substantially constant over all 
levels at which said variable load exists practically, 

a substantially constant load voltage input which is substantially constant over all levels 
at which said variable load exists practically, 
10 - a substantially constant switch voltage Fourier transform which is substantially constant 
over all levels at which said variable load exists practically, 

a substantially constant switch voltage output waveform which is substantially constant 
over all levels at which said variable load exists practically, 

a substantially constant switch voltage transition endpoint which is substantially constant 

15 over all levels at which said variable load exists practically, and 

all permutations and combinations of each of the above 
In the configuration shown, this constant output voltage element 1 61 has inductor L 1 and capacitor 
C5 which may be tuned for series resonance at the fundamental frequency of operation, inductor 
L2 and capacitor C6 which may be tuned for parallel resonance at the fundamental frequency of 

20 operation, and capacitors C7 & C8 arranged to form a half supply with low AC impedance as is 
common for a half bridge configuration, with R5 representing the load to be powered. Of course, 
from these general principles, as a person of ordinary skill in the art would readily understand, 
other designs can be configured to achieve this basic goal. 

Second, the system can include a constant trajectory element such as the constant trajectory 
25 element 162. In this arrangement, the constant trajectory element serves to maintain the response 
waveform (or even the Fourier component of the waveform) as substantially a constant regardless 
of a variation such as may occur from the variable load. In the configuration shown, this constant 
trajectory element 162 has inductor L4 connected to a half supply (shown as capacitors C7 & C8). 
It provides a constant current at the time of transition from switch Tl conducting or switch T2 
30 conducting (or visa versa) where diode D2 and capacitor C2 are adjunct elements of switch Tl , and 
diode D3 and capacitor C4 are adjunct elements of switch T2. The trajectory which is maintained 
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may even be held to one which present a continuous second derivative of voltage with respect to 
time. As shown herein, designs may also be configured to achieve a constant end point. The end 
point may or may not be zero, for instance, it may be desirable in certain designs to have a non-zero 
end point. That type of a design may include values such as: zero volts, a voltage which is less 

5 than a diode turn-on level, less than about 5% of said switch DC supply voltage, less than about 
10% of said switch DC supply voltage, less than about 20% of said switch DC supply voltage, and 
less than about 50% of said switch DC supply voltage, each over all levels at which said variable 
load exists practically. Regardless, a constant result (trajectory, end point, or otherwise) can be 
important since it is the voltage at the moment of switch turn-on or the avoidance of turning on the 

10 body diode which can be highly important. Again, from all these general principles, as a person 
of ordinary skill in the art would readily understand, other designs can be configured to achieve 
each of these basic goals. Designs may thus provide a network which is substantially load 
independent and which provides a substantially trajectory fixed response. Further, any nonlinear 
transfer characteristics of any component, such as the varactor capacitance nature of many 

15 switches, the nonlinear transfer characteristics of a transformer, or the like, can be affirmatively 
utilized by the network as well for an optimal result. 

Third, the circuit may include an energy maintenance element, such as the energy maintenance 
circuit 163. In this feature, the energy maintenance circuit 163 serves to maintain the energy 
needed as a constant regardless of a variation such as may occur from the variable load. In the 
20 configuration shown, this energy maintenance circuit 163 has a capacitor C6 configured in parallel 
with inductor L2, both being in parallel with the load shown as R5. This element may serve to 
supply substantially all of the rapid energy demand of the load such as discussed earlier. Again, 
as before other designs can be configured to achieve this basic goal. 

Fourth, the circuit may have some type of stabilizer element such as the stabilizer element 164 
25 shown. This stabilizer element 164 serves to absorb energy not in the fundamental frequency in 
accordance with the principles discussed in US Patent No. 5,747,935, hereby incorporated by 
reference, to the assignee of the present invention. 

Finally, the circuit may include an automatic bias network such as the direct bias alteration 
element 165 as shown for each switch. In this arrangement, these networks may include some type 
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of voltage divider 166 with a conduction control element such as diode 167. Here, the voltage 
divider 166 uses two resistors Rl & R2 which may be selected to be equal, each with high values 
such as lk ohm. This element provides a negative bias in proportion to the AC drive amplitude. 
The result can be a conduction period which is independent of the drive amplitude. It can thus 
5 provide a constant dead time (response time) when neither switch is in the conductive state. Again, 
from these general principles, as a person of ordinary skill in the art would readily understand, 
other designs can be configured to achieve this basic goal as well. 

As illustrated in Figures 1-13 and 1-14, it can be seen how a properly configured system 
according to the present invention has the constancy features mentioned. The plots 1-4 show 
10 waveforms as follows: 

1- the voltage at the junction between switches Tl and T2; 

2- the output voltage across the load, R5; 

3- the current through LI; and 

4- the current through L4. 

15 By comparing the high load and low load situations for the same network as shown between the 
two figures, several events can be noticed. These include the constant output voltage (A), constant 
end point (B and B'), constant trajectory (C and C), constant response time period (D and D'), 
zero voltage switching (B and B'), and constantly an event of zero load current in the transition (E), 
all even though there is a highly varying power and load current as indicated by the current into 

20 the network at LI (F and F'). Other features are also noticeable, as one skilled in the art should 
easily understand. 

Further, in yet another embodiment aspects such as feed forward and counteracting any low 
frequency ripple superimposed on the dc input voltage can be addressed. For instance, a 
modulation of the output voltage waveform by said low frequency ripple can be counteracted by 
25 superposition of a signal derived from said low frequency ripple on the input drive signal. 

Figures 2-1 to 2-6 shows yet another aspect of the invention. Referring to Figure 2-1, powering 
source 201 is connected by conductors 202, which may be wires or alternatively perhaps by traces 
on a printed wiring board, to the powered electronics 204. The wires or traces 202 exhibit an 
intrinsic connection inductance 203, which schematically may be considered in series with the 
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source 201. In the absence of energy storage element 207, should the current 209 drawn by the 
powered electronics 4 change abruptly, the presence of inductance 203 causes a drop 8V in voltage 
208 across powered electronics 204 in accordance with the formula 

5 V=L*5I/dt , where L is the value of inductance 3, and dl/dt is the rate of change 

of current in conductors 2 . 

This drop may cause improper operation of electronics 204, and is therefore undesirable. To 
reduce the magnitude of the drop, energy storage element 207 is conventionally placed close to 

10 electronics 204, through wires or circuit traces 205. This element is placed close to electronics 204 
so that the intrinsic inductance 206 of the wiring 205 is small, and so does not create a significant 
voltage drop between energy storage element 207 and powered electronics 204. Thus the power 
required by the powered electronics 204 is supplied by energy storage element 207 during the short 
period immediately following any change in current requirement by electronics 204, preventing 

15 the surge in current from flowing through conductors 202, and thus preventing the drop. Put in 
other words, if the inductance 206 is small compared with inductance 203, most of the change in 
current 209 drawn by electronics 204 occurs in circuit loop 210 containing energy storage element 
207, leaving the current in inductances 203 constant. This has the effect of producing a relatively 
constant voltage 208 across electronics 204. 

20 

Heretofore, in order to provide this effect, the conductors 205 had to be kept very short in order 
to keep their intrinsic inductance 206 low enough to keep voltage 208 constant. This is so because 
the longer the conductors the larger the volume of magnetic field created by the current through 
them. The energy stored in the magnetic field is represented by the volume integral 

25 

, where fi 0 is the permeability of free space, H is the magnetic field, and the 
integration is carried out throughout the space around the conductor. 

The energy in an electrical circuit carrying current may also be represented by the equation E 
30 = Vi L I 2 . Since the magnetic field H around a conductor is proportional to I, the current through 
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it, L is proportional to the volume, and it will be seen that if the magnetic field can be confined to 
a smaller volume the conductor will exhibit less inductance. 

Figure 2-2 shows a current carrying conductor 211 in free space, with the magnetic field 213 
5 around it created by the current 212 through it. Magnetic field 213 exists throughout all space 
outside of the wire, with the field at a particular radius shown as representative field line 213. As 
the field falls off with distance from the wire only linearly with the distance from the wire, the field 
generally fills a large volume and significant energy is stored. 

10 Figure 2-3a shows a confined current carrying conductor 211, by which we mean a current 
carrying conductor with another conductor 214 placed nearby. If the nearby conductor 214 carries 
an equal but opposite current 215 to the principal conductor 211, the fields will be largely confined 
to the space between the two conductors. Figure 2-3b shows a cross-section of the conductors, in 
which is shown that the field 217 from conductor 211 cancels the field 218 from conductor 214 

1 5 outside of the conductors, but reinforces the field from conductor 214 in the space between the two 
conductors. This produces the resulting field 216 between the two conductors. The smaller the 
distance d between the two conductors, the more confined the field, and the smaller the inductance 
of the conductor system 211 and 214. 

20 The cancellation of the field outside the conductors is obtained because the field due to each of 
the two conductors 211 and 214 are identical, except for the slight offset in physical location of the 
two conductors, provided the current is the same in the two conductors. This may be obtained 
directly, or by induction. To understand the latter, note that if the current in conductor 211 changes 
rapidly, the field 217 will also vary rapidly, which will induce a current in conductor 214 placed 

25 nearby through the principle of induction. This current 215 will naturally be such to oppose the 
field 217 in the space beyond it, and thereby will reduce volume occupied by the field 217. This 
will reduce the inductance of conductor 211. In this case it is important not to connect the ends of 
conductor 214 to any part of the circuit of conductor 211; the current in conductor 214 must in this 
case be obtained entirely by induction. As shown in Figure 2-4, this principle may be extended by 

30 the placement of a second external conductor 219 with induced current 220 on the other side of 
conductor 211, and it will be obvious that this may be further extended by placement of further 
conductors in other nearby planes at other angles to conductor 211. 
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The instant invention applies this general principle to the problem of providing energy storage 
for electronic loads whose current draw may vary rapidly. One embodiment of the invention is 
shown in Figure 2-5. Here electronic load 204, which may be a microprocessor or any other load 

5 whose current may vary rapidly, is situated on printed wiring board 222. Energy storage element 
7, which is situated a distance d from load 204, is connected thereto by a pair of conducting traces 
221. As previously indicated, it is important that these traces be as close to one another as possible, 
and therefore may be preferably implemented as two interior traces on a multi layer printed wiring 
board with very thin insulation therebetween. In this embodiment, the currents are directly forced 

10 to be equal in the conductor pair 221 by the expedient of making them the two conductors indicated 
as 205 in Figure 2-1. Since these two conductors are part of loop 210, their currents are equal and 
opposite, and their magnetic fields largely cancel, lowering their inductance considerably. 

Figure 2-6 shows another embodiment of the invention. Here electronic load 204 is located as 
15 before on printed wiring board 222. Energy storage element 207, however, is located away from 
board 222 on its own separate printed wiring board 223. Connection between electronic load 4 and 
energy storage element 207 is made with a flexible printed wiring board 225 here used as a cable; 
this cable consists of two parallel planes of conducting material on a flexible substrate, with the 
planes separated by as little distance as possible (i.e., the substrate should be as thin as possible). 
20 Flexible wiring board 225 is in turn connected to electronic load 204 and energy storage element 
207 by connectors 224, whose purpose here is to permit easy assembly and disassembly of the 
ensemble (and therefore may of course be dispensed with if desired). Here connectors 224 are 
located very close to load 204 and element 207 to prevent the inductance of the connections 
therebetween from being a limiting factor. It will be obvious to those skilled in the art that the 
25 embodiment of Figure 2-5 may be combined with that of Figure 2-6, with conductor elements such 
as the conductors 221 shown in Figure 2-5 providing a connection between connectors 224 and 
load 204 and element 207 in Figure 2-6, permitting connectors 224 to be located farther from load 
204 or element 207 as desired, or as may be made necessary by other printed wiring board layout 
considerations. 

30 

It may be necessary to further reduce the inductance of the connections to the energy storage 
system, and this may be accomplished by placing a plurality of conductor systems such as herein 
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described in parallel. 



Alternatively, there may be more than one energy storage element in the system, and these may 
be connected in parallel across the powered load 204 with a plurality of low inductance connections 
5 of the type herein described. Such systems with a plurality of energy storage elements are 
expressly envisioned as part of the instant invention. Also, conventional means for connection of 
energy storage elements may be combined with the instant invention to provide a hybrid approach 
for the convenience of the designer. 

10 Through these various embodiments, and others that will be apparent to those skilled in the art, 
it is possible to connect an energy storage element 207 relatively remotely from the powered 
electronic load 204, which may thereby exhibit rapid changes in load current without creating 
transient voltages on its powered leads. Thus the invention enables design tradeoffs heretofore 
unavailable to the designer. For example, there may be limited space adjacent to the powered load 

15 204, and in the prior art this limited the amount of energy storage the designer might place there. 
This in turn either forced the design of load 204 so that it exhibited lower rates of change of current 
draw, or forced the use of higher frequencies in the design of powering source 201, so that the 
energy in the limited energy storage might be replenished more often. The present invention places 
the energy storage element remote to the powered load 204, perhaps even on a different circuit 

20 board, where much more space might be available. Thus the energy storage element may be made 
bigger (i.e., capable of storing more energy) and this in turn can be used to permit larger rates of 
change of current draw in powered load 204, or alternatively use of a lower frequency design for 
powering source 201, or a combination thereof. 

Buck converter topologies shown in Figure 3-1 are in current use for powering microprocessors. 

25 For a 2.5 volt, 13 ampere requirement, a switching frequency of 300 kHz is becoming inadequate. 
To meet substantial step load changes an output capacitance 301 of 3 mF (millifarads) is becoming 
required. As microprocessor voltage requirements move downward toward 1 .0 volt at 50 amperes, 
the prior art topologies become even less suitable. With a drop in voltage (and an attendant drop 
in differential voltage tolerance) of 2.5 times, and an increase of current of 4 times, an output 

30 capacitor of 30 mF would be needed to maintain the required step response. It becomes 
increasingly difficult or impossible, however, to locate such a large capacitor close to the 
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microprocessor connections. In addition, the cost of this approach increases with decreasing 
voltage. The other possibility would be to increase the frequency. The voltage waveform 302 
shown in Figure 3-2 is typical for a buck converter. When the frequency increases in such an 
arrangement, however, the non-resonant edges of this waveform cause problems such as the 

5 commutation of FET output capacitance and prevent increasing the switching frequency above 
about a megahertz. This situation is rapidly becoming serious as microprocessors and other low 
voltage electronics are being developed which are increasingly difficult to provide suitable power 
for. The present invention permits the achievement of higher frequencies and currents as will be 
required. It permits frequencies such as greater than at least about 300 kHz, greater than at least 

10 about 500 kHz, greater than at least about 1 MHz, greater than at least about 3 MHz, greater than 
at least about 10 MHz, and even greater than at least about 30 MHz and beyond, and can be 
configured to handle currents of more than about 15 amperes, more than about 20 amperes, more 
than about 50 amperes, and even more than about 100 amperes and beyond. 

In one embodiment, an aspect of this invention is the basic change from a circuit converting dc 
15 to dc to a circuit transforming ac to dc making use of a transformer and a synchronous rectifier. 
A transformer is useful in this approach as it is possible to eliminate large currents being distributed 
to the converter input. The high current secondary can thus be located physically close to the load. 
One circuit for accomplishing this shown in Figure 3-3. 

With the invention disclosed, the energy conversion frequency can be increased substantially, 
20 thereby allowing the output capacitance 303 to remain small and be located adjacent to a given load 
such as the microprocessor interconnections. In fact, much higher conversion frequencies can be 
achieved and whereby the output capacitance can be substantially reduced. In the case of the 1 .0 
volt, 50 ampere requirement, the output capacitance 303 with the present invention can be 500 ^F 
or lower, depending upon load requirements. In fact, with the present invention, designs can be 
25 accomplished which provide a network having an effective capacitance (that which causes an 
appreciable effect in the use or circuit designed) which is less than about 10 millifarads, less than 
about 3 millifarads, less than about 1 millifarads, less than about 0.5 millifarads, and even less than 
about 0.3 millifarads. 

Such a dramatic improvement can come through the incorporation of several elements 
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individually or simultaneously. One primary goal of this invention is the elimination of frequency 
related limitations. Consequently it can be important to eliminate forced voltage commutation of 
any capacitors. The Synchronous Rectifier (SR) 304 device used may be a Field Effect Transistor 
(FET) with adjunct drain to source capacitance 305. This SR can always be commutated to the 
5 conducting state at a time when there is zero voltage across it. 

Figure 3-3 shows a preferred embodiment for the rectification portion of a low voltage high 
current supply. The element LT 306 (total series inductance) is defined as the total of the 
transformer leakage inductance plus any other inductance in series with the transformer (inductance 
in the primary is simply scaled to the secondary). The element CT (total parallel capacitance) is 
10 defined as the total of the SR adjunct capacitance 305 (Coss), plus any external parallel capacitance 
of each SR 307 (Csr) plus any capacitance in parallel with the transformer secondary 308 (Cp). 

There are several parameters which may be considered to optimize this circuit. If the load being 
powered has the possibility of high di/dt or if the load current can be a step function up or down 
then the following parameters could be considered: 

15 • fundamental frequency of operation 

• transformer turns ratio 

• LT 

• CT 

• conduction angle (CA) for the SR's 
20 • phase delay (PD) of the SR's 

The output inductance LF and capacitance CF can be important but may have a less direct 
impact on the proper operation of the invention. 

Also to be potentially considered is the basic relationship between conduction angle and 
efficiency. In prior art and practice the conduction angle for the SR's has been carefully chosen 
25 to be less than or equal to 180 degrees (i.e., no SR conduction overlap) to prevent a short circuit 
on the transformer secondary. This common misperception arises from lower frequency 
assumptions. With the present invention, a conduction angle greater than 180 degrees is not only 
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allowed but provides a fundamental benefit of operation. Conduction angles in the range of 300 
degrees or higher are clearly demonstrated. With properly chosen LT, CT, phase angle (PA) and 
conduction angle (CA), the drain waveforms on the SR's 304 shown in Figure 3-4 can be realized. 
With these conditions, a low ratio of SR root-mean-square (RMS) current to output current can be 
5 realized. Ratios of < 1.3:1 have been achieved. 

Just as a general comparison, the waveforms from Figure 3-4 can be compared to Figure 3-2 
from the prior art. They both share the low duty cycle aspect but it is clear in Figure 3-4 the 
switching of the SR occurs at zero volts and is ideally lossless. 

Leakage Inductance & Overlapping Conduction Angle: 

10 The transformer leakage inductance is a fundamental limiting factor for low voltage, high 
current, high frequency power supplies. It consists of an inductance in series with the transformer 
and has historically limited the conversion frequency. 

In prior art leakage inductance has been dealt with in various ways. Three patents, by Schlecht, 
Lee and Bowman, covering dc to dc converters will be touched on as all include methods of 

15 handling the leakage inductance. In Schlecht et al., US Patent #4,788,634, the leakage inductance 
is managed by minimizing it. As that patent states: "It is desirable to limit the size of this leakage 
inductance to a negligibly small value compared to the resonant inductor [in this case the 
transformer primary inductance] such that the unilateral conducting element and controllable 
switch both have zero voltage switching transitions." In Lee et al., US Patent # 4,785,387 and 

20 Bowman US Patent # 4,605,999 the transformer leakage inductance is used in a circuit resonant 
at or slightly above the fundamental frequency. The goal for this circuit is to accomplish zero 
voltage switching both for the primary switches as well as for the rectifiers. However, the present 
invention shows use of the leakage inductance in a manner not resonant at the fundamental 
frequency. 

25 One fundamental aspect of this invention is a circuit topology and class of operation which can 
make allowance for a larger leakage inductance. This benefit can be realized by the choice of a 
high conduction angle in the SR's. In fact, for some applications conduction angles even greater 
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than 300 degrees are shown to be valuable. As the output voltage requirement is reduced and the 
current requirement is increased, both of these shifts result in still higher conduction angles. The 
setting of this large conduction angle, the total inductance and total capacitance is done 
simultaneously with one of the desirable conditions being Zero Voltage Switching (ZVS) for the 
5 synchronous rectifiers. This allows operation at a higher frequency or, at a given frequency 
operation with a higher leakage inductance. This combination of high frequency operation and/or 
higher leakage inductance tolerance is a fundamental benefit of this design and may perhaps be a 
necessary benefit as microprocessor power requirements become more difficult to fulfill. 

One additional note with respect to the total capacitance - the choice of location between putting 
10 the capacitor across the transformer 308 or across the SR's 307 changes the current waveform 
through the SR's but does not greatly affect the voltage waveform. With the capacitor across the 
transformer makes the current waveform more like a square wave while it is quasi-sinusoidal when 
the capacitor is across the SR. This difference can have significant ramifications as those of 
ordinary skill in the art should readily understand to some degree. 

15 High Voltage on SR: 

One general principal observed in rectifier circuit design is to minimize the reverse voltage stress 
across the rectifier device. Depending on the type of filter input the peak inverse voltage is usually 
in the range of being equal to the DC output voltage upwards to 1.4 times the output voltage or in 
rare circumstances up to twice the DC output voltage. 

20 One consequence though of the high conduction angle is substantially higher voltage across the 
rectifier devices. For example in the circuit values disclosed here the output voltage is 1.8 volts 
while the voltage across the rectifier devices is 15 volts! Historically this type of circuit 
performance has been thought of as poor practice for a variety of reasons as those of ordinary skill 
in the art well understand. Perhaps this is one reason why such a valuable circuit has not been 

25 discovered to date. 

But a high conductance angle with attendant high voltage across the SR during the non- 
conducting state has the benefit of low RMS current through the SR during the conducting state 
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and is a condition for allowing large transformer leakage inductance. This circuit is ideally suited 
for low voltage, high current requirements. Furthermore it is well suited to loads which have a 
high di/dt requirement as a result of the higher operating frequency and lower stored energy in the 
output capacitance. As it turns out the higher voltage requirement for the SR's is not troublesome. 
5 With current manufacturing technology there appears to little benefit to restraining the SR off state 
voltage to less than about 20 volts. 

Gate Drive: 

The next circuit being disclosed, Figure 3-5, is a gate drive circuit that derives its power from 
the ac input and uses only passive elements. The gate drive of the SR's is also almost lossless. 
10 This all results in low cost and predictable performance. It is also important for higher frequency 
operation. 

In addition it is possible to add a dc or low frequency bias to provide regulation or improve 
efficiency under various load conditions. In Figure 3-5 the point labeled BIAS INPUT is an 
example of an injection point for the control input. Varying the voltage on this input has the effect 
15 of varying the conduction angle of the SR's without effecting the DELAY ANGLE (Figure 3-4). 

The correct phase angle for conduction of the SR's is determined by the gate drive. Referring 
to Figure 3-4, the angle labeled DELAY ANGLE could be derived by using something like 
elements LI, Rl,2 and Cl,2 of Figure 3-5. The inductance LI includes the gate drive transformer 
leakage inductance. 

20 There could be many variations of gate drive which embody these principles. This may be 
contrasted with conventional technology in which the gate drive is derived from a DC source 
and involves timing circuitry and switching devices. 

Regulation with the SR: 

It is possible to also control and/or regulate the output voltage by varying the SR Conduction 
25 Angle (CA). Consider Figure 3-3 again with the inclusion of the capacitor Cin 309 shown in 
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dotted lines. 



To select values for the controlled output circuit, first examine the case where the CA goes to 
360 degrees for the SR's. This results in a zero DC output. The impedance of Cin 309 should 
now be matched to the value of LT (transformed to the primary by the square of the turns ratio) 
5 forming a parallel resonant circuit at the fundamental frequency. As can now be seen the AC 
input is only loaded by a parallel resonant circuit which in the ideal condition is lossless. 

There exists a continuum of CA's from 360 degrees downward until the full load condition is 
reached as before. With properly chosen circuit parameters ZVS switching can be maintained 
over the whole regulation range. One important requirement for ZVS is to provide constant 
10 phase relationship between conduction time and the ac input. In the first order analysis, the 
only control input required is that shown in Figure 3-5. 

Parametric Regulation 

Another method of providing regulation or control of the output could be to use parametric 
elements such as a varactor capacitor or saturable inductor to vary the output voltage. This can 
15 involve tuning the circuit to maximize the sensitivity to a given element and subsequently 
varying it. Another approach to this type of design is to begin with a basic transfer function 
having the characteristic of a voltage source. Then with small changes in one or more variable 
elements, the output can be held constant. 

For some load requirements, this method of control may be the simplest or most cost 
20 effective. In particular loads which do not have high di/dt requirements or if the voltage 
required is not too low, parametric regulation may be ideal. 

This method of control may have the disadvantage of poor response time for varying loads 
and poor input regulation. Another disadvantage is the incumbent increased sensitivity to 
component tolerances. In Figure 3-4 it can be seen that the CA is quite large. In general, the 
25 optimum CA increases for lower output voltages. One consequence when using parametric 
regulation is that it can become increasingly difficult to manage the increased sensitivity of the 
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output voltage to the actual circuit values. If the component sensitivity becomes 
unmanageable, it may be preferable to optimize the rectification portion of the circuit for 
rectification only and regulate or control on the primary side of the transformer, where the 
impedance is higher. Layout and component values can be more manageable on the primary. 

5 Regulation on the Primary Side (with a single ended switch): 

Figure 3-6 shows a simplified series switch on the primary side of the transformer. This 
circuit design can be used to vary the ac voltage on the input of the transformer as a potential 
method of regulating the dc output. For instance, CI 310 can be resonant with any residual 
inductive component of the rectifier circuit. C2 311 may be low impedance at the fundamental 

10 frequency. The duty cycle of Ql 312 can be controlled to vary the ac voltage into the rectifier 
circuit. The phase delay 313 (LI, Rl, and C4) may be chosen such that at the commencement 
of conduction the voltage across Ql 312 is substantially zero. Further, the gate drive of Ql can 
be set in similar fashion to the gate drive for the synchronous rectifier discussed earlier. The ac 
input 315 may be used as the source power, transformed down in voltage and supplied to the 

15 gate through the delay circuit 313. In series with this drive signal can be a control input 314. 
By summing these two voltages the conduction angle can be varied from 0 to 360 degrees. 

The conduction angle can be set by the control input and the phase relationship may be 
derived from the ac input 315. With properly chosen circuit elements and delay time, Ql 312 
may be always commutated to the conducting state at a time when the voltage across it is zero. 

20 Thus the ac voltage to the rectifier circuit can be varied from nearly zero to full while 

maintaining a lossless condition. Figure 3-7 shows a family of voltage waveforms across Ql 
312 (Vds for a FET switch) as a function of the control input. The waveform labeled 316 
occurs with a low bias that results in a short conduction time. This condition provides 
minimum output. The waveform labeled 320 occurs with a high bias input and corresponds to 

25 a large conduction angle and provides maximum output. A simultaneous optimization of all 
parameters is also possible. 

Regulation on the Primary Side (with a dual switch): 
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Figures 3-8 and 3-12 show other arrangements to provide regulation on the primary side of 
the transformer. This circuit can use two switches 323 that may operate 180 degrees out of 
phase. They can operate so as to move from a series resonance between a capacitor 321 and the 
leakage inductance 322 of the series transformer 320. This occurs when both switches are 
5 closed. This shorts the primary inductance and leaves only a series resonance already 
mentioned. This condition can give maximum ac voltage to the rectifier circuit. 

A second condition can occur when both switches are completely open. During this 
condition the capacitors 324 (which includes the switch adjunct capacitance) can be in series 
across the series switch transformer. It is also possible to just use a capacitor across the 
10 transformer 325 or a combination of both. This total capacitance can be resonant with the 
magnetizing inductance of the transformer. This can create a parallel resonant circuit in series 
with the primary of the main transformer and may result in minimum ac voltage to the rectifier 
circuit. 

The third and normal condition can occur with a variable conduction angle. With the values 
15 disclosed this circuit can operate over the entire conduction range with ZVS. 

Natural Regulation 

If certain values of total inductance, total capacitance and the output filter inductance are 
chosen correctly a new phenomenon can exist. The DC output voltage can remain relatively 
independent of the load current. This can occur without any variable elements or feedback. 

20 Examples 

Choosing all the circuit parametric values can be a lengthy task. The following example is a 
general-purpose rectifier which may be optimized for powering a microprocessor operating at 
1.8 volts and requiring 20 amperes. Using the circuit of Figure 3-3 the following parametric 
values may be appropriate: 

25 Frequency = 3.3 MHz 
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Turns ratio = 


5:1 


Input voltage = 


30 VAC 


LT 


30 nH 


CT 


10 nF 


Cin 


2nF 


LI & L2 


100 nH 


Co 


500yUF 


SR1& SR2 


3 ea. FDS6880 


Conduction angle = 


266 degrees 


Delay angle = 


24 degrees 



Figure 3-5 shows one embodiment of a SR gate drive; it consists of summation of sinusoidal 
signal derived from the AC input plus a control signal. Also, the signal derived from the AC 
input can have an optimal delay for high efficiency. This circuit can produce a clean ac voltage 
15 by taking advantage of the gate transformer leakage inductance and the gate capacitance to 
filter harmonics from the ac input. This circuit can also show the creation of delay using Rl,2, 
the combination of C 1,2 (which includes the adjunct gate to source capacitance), and the 
inductor LI. 

Output Trap 

20 Also shown in Figures 5 is a valuable filter element. C3 and LI can form a parallel circuit 
resonant at twice the fundamental frequency. This parallel trap can provide the following 
advantages: 

1) targeting largest ripple component only 

2) storing very little energy - allowing fast loop control 

25 3) sharply reducing the ac current component of the connection to the output capacitor. If 
this circuit powers a microprocessor, the C4 may be critically located to minimize inductance 
to the microprocessor. In this case the parallel trap can minimize the 'hot leads' problem for 
the connection from the rest of the circuit to the Cout. 

Topology Variations 
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Figures 3-9 A, B, C, and D show various topologies that may be used to implement the 
invention disclosed. The location of the total inductance and total capacitance is shown in 
each. Figure 3-9 A shows a single ended version. This can be an excellent topology for low 
cost concerns. Figure 3-9 B shows the effect of a transformer with a center tap. This circuit 

5 can be useful but may not utilize the transformer secondary fully. In addition for low voltages 
some realizations can require the secondary to have only one turn possibly making a center tap 
more difficult to implement. Figure 3-9 C shows inverting the SR's and the filter inductors. 
This circuit can be almost identical to the preferred one. In addition, the gate drive may not be 
referenced to a common source point making the drive circuit more complex (not shown). 

10 Figure 3-9 D shows a center tapped coil in place of a center tapped secondary. Some magnetic 
realizations make this circuit attractive. The essentials of this disclosure apply as well. 

The above examples represent only a few of the many designs possible. It should be obvious 
from these variations that other circuits may be designed which embody the ideas disclosed. 

15 Third Harmonic Trap 

A series connection of an inductor and capacitor tuned to the third harmonic can be placed 
across the primary of the main VRM transformer. The preferred embodiment disclosed can 
draw an input current with substantial third harmonic content. By placing a trap on the input of 
the circuit the harmonic currents can flow through the trap and may not appear on the 
20 distribution supplying the circuit. 

More importantly, the efficiency of the rectifier can be improved with the addition of a third 
harmonic trap. The output circuit can be non-linear especially with the SR's having a long 
conduction angle (see Figure 3-4). 

The DC output voltage from this circuit (Figures 3-4 & 3-10) can be equal to the integral of 
25 the voltage across the SR's (the average voltage across an inductor must be zero). Any 
distortion of this waveform can usually cause a reduction of the DC output voltage and 
consequently a reduction in efficiency. The third harmonic trap can preserve the natural peak 
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of the SR voltage waveform. 



Another potential benefit of the third harmonic trap is improved stability of a system where 
multiple SR circuits are fed from a common AC source. A local third harmonic trap can 
prevent SR circuits from interacting due to third harmonic current flowing along the 
5 distribution path. 

Better put, without a third harmonic trap negative impedance can exist during a SR non- 
conduction time. Slight phase variations between SR circuits can result in high harmonic 
energy flowing between SR circuits. This can manifest itself in overall system instability. The 
presence of a third harmonic trap on the input of each SR circuit can locally satisfy the high 
10 order current requirement and can result in system stability. 

Remote Power 

Devices like microprocessors can require low voltage, high current and exhibit high di/dt 
requirements. In the circuit of Figure 3-10, one problem which can exist is the di/dt limitation 
caused by the interconnect inductance 326. In this commonly used circuit, bypass capacitor 

15 328 (which may be composed by many small capacitors in parallel) can be located near the 
microprocessor power pins. A larger capacitor, often called the bulk capacitor 327, can be 
located a small distance away. The short distance between capacitors 327 and 328 can form an 
inductor 326. This inductor 326 may limit the maximum di/dt the microprocessor can pull 
from the power supply. This can be especially true if the bypass capacitor is small (this is 

20 normally the case) and/ or the basic power conversion frequency is too low (also the normal 
case). The bypass capacitor 328 may not be kept charged to the demanded voltage. Even if the 
power supply feeding capacitor 327 were ideal, or if capacitor 327 were replaced with an ideal 
voltage source a di/dt limit might still exist as a result of the interconnect inductance 326. 

In the circuit of the invention this problem can be overcome. Referring to Figure 3-3, with 
25 this method and circuit the power conversion frequency can be increased to the point where the 
output capacitance can be small enough to be used as the microprocessor bypass capacitor 
which can be located adjacent to the microprocessor power pins. 
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Quiet Power 

One of the problems facing the power supply industry as voltages drop, currents increase and 
di/dt requirements increase is noise. The circuit of Figure 3-1 is noisy for three reasons. 

First the switching FET's 329 may be force commutated with steep voltage wavefronts. This 
5 can conduct and radiate noise into the surrounding structures. Compare the voltage waveforms 
of Figure 3-2 to those of Figure 3-4 to see the difference. 

Second, the input circuit shown in Figure 3-1 can inject current into the ground path. As the 
FET's 329 are switched, large current can flow around loop 330 through the input capacitor 
332, interconnect inductance 331 and FET's 329. The rate of change of current di/dt around 
10 this loop 330 can cause a voltage to be developed across inductor 331 which can be impressed 
onto the output voltage. 

Third, the output of a circuit like Figure 3-1 can be inherently noisy as the DC output voltage 
is reduced. The DC output voltage is the average value of the voltage on point 2 shown in 
Figure 3-2. The voltage regulation method is sometimes dubbed pulse width modulation. For 
15 lower output voltages the pulse width becomes narrower to the point of difficulty of control. 
This is because a variation in width is a larger percentage of the total pulse width. This can 
create a shaky or noisy output voltage. 

The circuits being disclosed can use zero voltage switching (ZVS) and can have smooth 
voltage waveforms in the rectification circuitry. Compare the voltage waveforms for Figure 3- 
20 2 (Prior Art) to Figure 3-4. It is obvious the waveforms on the invention will be less noisy. 
Secondly in one preferred embodiment the regulation can occur on the primary of the 
transformer. This circuit is also ZVS plus it is isolated from the DC output voltage. These 
factors combined can make this approach much more suited to the next generation low voltage 
devices. 

25 Additional Example 
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Figures 3-11 and 3-12 show schematics for a complete ac to dc power converter which can 
include the rectifier section, the gate drive, the series switch(es) along with a self derived dc 
power supply and feedback from the output to the series switch for regulation. These 
schematics can embody much of what has been disclosed and can show a complete working 1.8 
5 volt, 20 ampere DC power supply suitable for loads requiring high di/dt. They can operate 
from an AC input buss at 30 volts RMS at a frequency of 3.39 MHz. Finally, Figure 3-13 
shows a potential design for some significant overall portions of the "silver box" as it may be 
configured in one preferred design. 

The discussion included in this patent is intended to serve as a basic description. The reader 
10 should be aware that the specific discussion may not explicitly describe all embodiments 
possible; many alternatives are implicit It also may not fully explain the generic nature of the 
invention and may not explicitly show how each feature or element can actually be 
representative of a broader function or of a great variety of alternative or equivalent elements. 
Again, these are implicitly included in this disclosure. Where the invention is described in 
15 device-oriented terminology, each element of the device implicitly performs a function. 

Apparatus claims may not only be included for the device described, but also method or process 
claims may be included to address the functions the invention and each element performs, and 
product by process claims may be added to address any system which uses, any product made 
through, and any item resulting from the invention disclosed herein. Neither the description nor 
20 the terminology is intended to limit the scope of the patent disclosure. It should also be 
understood that a variety of changes may be made without departing from the essence of the 
invention. Such changes are also implicitly included in the description. They still fall within 
the scope of this invention. 

The use of the principles described heretofore may result in a wide variety of configurations, 
25 and as above mentioned, this may permit a wide variety of design tradeoffs. That is to say, this 
invention can be embodied in a wide variety of ways. In addition, each of the various elements 
of the invention and claims may also be achieved in a variety of manners. This disclosure 
should be understood to encompass each such variation, be it a variation of an embodiment of 
any apparatus embodiment, a method or process embodiment, or even merely a variation of any 
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element of these. Particularly, it should be understood that as the disclosure relates to elements 
of the invention, the words for each element may be expressed by equivalent apparatus terms or 
method terms ~ even if only the function or result is the same. Such equivalent, broader, or 
even more generic terms should be considered to be encompassed in the description of each 

5 element or action. Such terms can be substituted where desired to make explicit the implicitly 
broad coverage to which this invention is entitled. As but one example, it should be understood 
that all action may be expressed as a means for taking that action or as an element which causes 
that action. Similarly, each physical element disclosed should be understood to encompass a 
disclosure of the action which that physical element facilitates. Regarding this last aspect, the 

10 disclosure of a "switch" should be understood to encompass disclosure of the act of "switching" 
- whether explicitly discussed or not - and, conversely, were there only disclosure of the act 
of "switching", such a disclosure should be understood to encompass disclosure of a "switch." 
Such changes and alternative terms are to be understood to be explicitly included in the 
description. 

15 

The foregoing discussion and the claims which follow describe the preferred embodiments of 
the invention. Particularly with respect to the claims it should be understood that changes may 
be made without departing from their essence. In this regard it is intended that such changes 
would still fall within the scope of the present invention. It is simply not practical to describe 
20 and claim all possible revisions which may be accomplished to the present invention. To the 
extent such revisions utilize the essence of the invention each would naturally fall within the 
breadth of protection accomplished by this patent. This is particularly true for the present 
invention since its basic concepts and understandings are fundamental in nature and can be 
applied in a variety of ways to a variety of fields. 

25 In addition, it should be understood that although claims directed to the apparatus have been 
included in various detail, for administrative efficiencies, only initial claims directed toward the 
methods have been included. Naturally, the disclosure and claiming of the apparatus focus in 
detail is to be understood as sufficient to support the full scope of both method and apparatus 
claims. Additional method claims may be added at a later date when appropriate to explicitly 

30 claim such details. Thus, the present disclosure is to be construed as encompassing the full 
scope of method claims, including but not limited to claims and subclaims similar to those 
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presented in a apparatus context. In addition other claims for embodiments disclosed but not 
yet claimed may be added as well. 

Furthermore, any references mentioned in the application for this patent as well as all 
references listed in any list of references filed with the application are hereby incorporated by 
5 reference, however, to the extent statements might be considered inconsistent with the patenting 
of this invention such statements are expressly not to be considered as made by the applicant(s). 

Embodiments should be understood as encompassing both general power devices and 
tailored devices to specify a field or system to which it is applied (such as a computer power 
supply in a computer system, or a computer system having such a power supply, or the like), or 

10 may be presented in combination with other elements. The various techniques and devices 
disclosed represent a portion of that which those skilled in the art would readily understand 
from the teachings of this application. Additionally, the various combinations and 
permutations of all elements or applications can be created and presented. All can be done to 
optimize performance in a specific application. Further, unless the context requires otherwise, 

15 the word "comprise" or variations such as "comprises" or "comprising", should be understood 
to imply the inclusion of a stated element or step or group of elements or steps but not the 
exclusion of any other element or step or group of elements or steps. 
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